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I. INTRODUCTION

- The detection of complex organic compounds in meteo-
rites and in ancient rocks -plus the synthesis of a variety
of organic molecules including amino acids from simple
gases has been described in previous chapters. These ob-
servations have resulted in the intensive and so far fruit-
ful efforts to fill the gap between the simple gases, water,
ammonia and methane, and the simplest living cell. 1In this,
Chapter I indicate the possibility of a somewhat different

approach to the question of chemical evolution. Observa-

tional evidence for the occurrence of some organic com-

pounds in space is presented and the likely existence of

more complex molecules as yet undetected, or unidentified is

pointed out. This implies that massive solid objects, namely;

planets and asteroids were accumulated from material which

already contained a variety of organic compounds. The extent
to which such molecules were bréServed throughout the accumul-

ation process is a major question, However, only a brief
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"part in subsequent star formation.

i

discussion will be given, as it takes us into new areas of

cosmogony of an eséentially;ﬁon-chemical nature.

The objects or regions of the galaxy that will concern
us are: (1) comets, (2) interstellar space (3) pre-stellar
nebulae and (4) cool stellar atmospheres. The primordial
soiar nebula in which the planets accumulated is a parti-
culaf case of a pre-steliar»nebulaewbut is by no means unique,
During the lifetime of theggalaxy similar objects must have
appeared billions of times. |

It is appropriate to conclude this introduction with én
account of a cosmogonic hypothesis which relates all of the
possible sources of molecules.

The brightest, hot stars in the Milky Way cannot have
been shining for more than a few hundred thousand years

with their available energy supply. This is an insignifi-~

- cant fraction of the age of the Galaxy which is about 10

billion years. Other stellar age indicators require contin-
uous star formation throughout the galaxy)Spitzer;(1968a).
Star formation takes place by the developmenthpf interstellar
clouds of gas and solid grains énd fheir subsequent. collapse

into stars. Several lines of evidence demonstrate the ejec-

[

tion of matter from stars into space either continuously or

in bursts as with novae and supernovae. Thus, there is a
sequence of stars forming from interstellar matter and then

ejecting material back into space. This material later takes

~—
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At the end of the‘coﬁlapsg stage of the prestellar .

cloud a fairly dense nebul@ vith a temperature in the
neighborhood of IOOOOK must develop. An approximate
‘-molecular equilibrium will occur with the composition.
.‘depending upon density and tqmpérature. When the collapse
ceases the temperature will drop to a low value determined
by the energy input from thé.newly formed star. At some
'poinf the temperature becomes sufficiently low that a com-
position becomes "frozen.in". Planets and meteorites
could accumulate throughout the‘entife iater stages of

the nebula but comets must form during the cold stage be-
cause of their volatile nature. Because of their small
mass and low temperatures comets would be expected to pre-
serve with minimum transformation the composition of the
material out of which they and planets formed. Cometary
molecules thus represent some mixture from all sources of
molecules in the galaxy.

Thé material which went into the formation of the
planets also represents matter from many sources of mole-
cule. The extent to which complex molecules could with-
stand temperatures and excitation conditions which were
- experienced from their time ox formétion'to the time they
became part of the earth's crust determined the organic
" composition of the primordid} crust before terrestrial

chemical evolution started.



II. COOL STELLAR ATMOSPHERES

- ’Stars show an extreme;f wide range of atmospheric
temperatures, Aller (1963).. FOr the c¢oolest stars, some

of which are variable in brightness, the lowest tempera-
tures found are about 1500°K. These are stars of spec-
'tral class M, which have carbon/oxygen ratios less than
gnify and whose spectrum is:dominated by absorption bands
of TiO. For our purpose the important class of stars are
the so-called carbon stars. Their spectra show a marked
difference in appearance from the stars of type M. The
spectfgm is dominated by the Co Swan bands and an analysis
indicates a C/0 ratio greater than 1.5. Because of the ex-
cess of carbon over oxygen, carbén is nof nearly completely
combined as CO and a large number of carbon compounds are
possible.

- A major factor in molecular equilibrium calcula-
tions is the temperature of the atmosphere. Effective
temperatures of carbon stars, based on the total radia-
tion from a star, are about 2500°K for the coolest stars.
Vibrational temperatures are several hundred degreés'less
and may be 2000°K or somewhat iower.

No detailed models of carbon star atmospheres have
been computed but an estimate of their characteristics
can be obtained from the M type giant stars with compara-

ble temperatures and luminosities. For these stars the

4 2

pressure region of interest is 10 - 10 dynes/cm? or 10~
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~to 10 Torr. The importance of carbon compounds in the
carppn‘sfar sequence is emphfisized by the identifica-

~tion of C3Mand SiCo _in addition to the major role of

Co, in their speétrum.
The usual procedure for computing chemical equili-

trium in stellar atmospheres is to write an equation for

. each element considered in the analysis. For hydrogen

this has the form

2pP(E)  p(O) L) + p(C) + p(O)p(H)
P(H) = p(H) |1 * X0 * —— —
(H) = p(H) l? * K(H,) KOOH) * ¥Rg)  K(CH) K (H,0)

+ p(C)P(H) , pH)p(C)p(O) + ]
K (CH,) K (HyCO)

P(H) is the fictitous pressure of the element which would

‘occur if the element existed only as the neutral atom and

p(H) is the actual partial pressure. at eduilibrium. The

K's are the equilibrium constants defined by

p(A)p(B)p(C)
p (ABC)

Kape =

Similar equations occur for each element. There is a

term in the analyses for each molecule in which thé
element occurs. Equilibrium constants are taken from
experiment when possible, or are calculated from the
molecular constants. Detailed treatments of this procedure
are given by Tsuji (1964) aﬂa by Morris and Wyller (1967)

for carbon stars. A different approach to determination of
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a complex equilibrium has been formulated by White et al
(1958) in which the free enetgy function of the system

is minimized by varying the concentration of each species

' This method has been employed by Dayhoff et al (1967)

for studying prebiological atmospheres.
Table 1 hds been prepared'from unpublished calculations

by Tsuji for the composition H:C:N:0 = 105:18:1:10 for

2 and 104 dynes/cm2 and a variety of temper-

pressures of 10
atures. In these calculations only H, C, N and O were con-
sidered. No metals, silicon or sulfur were introduced in

the atmosphere. These are the coémically abundant elements

which would affect the chemistry. Because relative abund-

ances in carbon stars are not the same as in the sun, for

~ example the alkaline earths anc_rare earths appear enriched,

some of these elements may also be important. However, the

trend of these calculations should give a proper indication

~of carbon compounds to be expected. Morris and Wyller in-

cluded silicon and used atomic abundances based on later

and improved estimates of carbon star composition. However,

only a few triatomic molecules were included. Dolan (1965)

calculated molecular equilibfium in stars ihcluding one
carbon star composition. His results were essentially
limited to H,C,N and O and included diatomics plus HCN and
CH2. In addition to these gglculations, an extrapolation
of the calculations of Duff and Bauer (1962) suggests that
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benzene may occur to the exﬁent of 1 part in about 108,

All the above assumed;tﬁermodynamic equilibrium
which is probably a reasonable approximation. A more
serioUs restriction may be the use of constant tempera-
ture énd pressure instead of a model atmosphere in which
both_physical pafameters incréasés(ffom the boundary of the
atmosphere inward. This refinement has been carried out
for M stars by Vardya (1966).

Several analysés of carbon condensation in carbon
stars'have been carried out following the initial work of
Hoyle and Wickramasinghe (1962). Later papers, Donn et al
(1968), Kamjo (1966), (1969), and Friedemann and Schmidt
(1967) have improved the calculations and taken the nuclea-
tion process into account. It was shown in these investi-
gations that graphite grains of a few hundred angstroms
could well be expected to form in the cooler stars of the
carbon sequence. Friedemann and Schmidt and Wickramasinghe
et al (1966) showed that shuch grains could be ejected from
t he atmosphere by radiation pressure. The latter paper also
pointed out that the grains could cafry a small but signifi-
cant part of the atmosphere with them. The process of mass
ejection in M giant stars is well established, Deutsch (1960)
Weymann (1963). A similar process in.the carbon stars would
supply a copious sourcelof capbonaceous material to inter-

stellar space as was pointed out by Tsuji (1964).



| Closely related to the pheh6ﬁeﬁa of molecular equili-
briﬁm‘and particle formatiod in cool stellar atmosphereé
is.the role 6f similar phenomena in pre-stellar and cir-
cumstellar clouds. Infrared observations have detected
objects with strong intensity at wavelengths of several
microns but with weak or no visible radiation. Brief re-
views have been given by Johnson (1967) and Feldmann et al
(1966). There appear to be three classes of infrared
- objects. These are; vefy cool M gianf variables; extremely
dense interétellar clouds, and cool circumstellar clouds
- that may be planetary systems in an early stage of forma-
tion. There is much evidence_for so;id particles and
molecules associated with these clouds as well as evidence
for the ejection of material from these clouds into inter-
stellar space, Herbig (1969). These objects presumably are associ-
~ated with solar type stars and primordial nebula with a
carbon to oxygen ratio less thin unity. However, the dis-
cussion of Section_B shows %hat complex organic c;mpounds
formed early in the‘history of the solar system, probably
prior to or during the accumulation of comets and meteoritic
objects. Consequently organic molecules could also form

in the infrared objects associated with star and planet

formation.



3. Comets and the Primerdie% Seia} Nebula
| The comet family (Richter, 1963) consists of astronomical-
.1y small (~ 40 km diameter, 1615 - 1019 gm) objects which ~
readily evolve large quantities- of gas and dust when they
-approach the sun. About 600 individual comets have been
identified when they came within 4 A.U. of the sun. The
'total number must be enormeusly larger. There must be a
large storehouse of comets at 1;rger distances from which
they gradually feed into the inner solar system where they are as-
'sociated.with then gradually disintegrate. Various statisti-
Acal analysis suggested from 107 to 1011,

No complete theory of the origin, structure and composi~
tion of comets exists. It is generelly believed that they
were formed in the early stages of the solar system al-
though an alternative hypotheses of formetion interstellar
.clouds and subsequent capture by the sun has been proposed.

If they are indeed associated with the early solar system,
comets tell us much about the composition of the primordial
solar nebula. Because the solar nebula is believed to have
formed from an interstellar cloud the alternative explana-
tion still tells something about the early solar system,
although the interpretation is not as direct.

The characteristic observational phenomenon indicating
the presence of a comet is ihe head or coma, an extremely

~

diffuse cloud of gas and dust. A tail, which is the most

~
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_promiﬁent feature of bright comets, is generally missing
from the fainter, short period comets. Embedded in the
‘coma is the nucleus. This ig‘the permanent part of a comet
~which revolves around the sun and is the source of coma and
tail material. Our only knowledge of the composition of the
nucleus comes from spectroscopiq observations of coma and
tail.

Table 2 shows the molecules identified in comets,
listed in the coma in order of appearance as the comet
apbroaches the sun and in the tail the order is generally
that of decreasing intensity. The ultraviolet Lyman alpha
line of atomic hydrogen has been detected in great strength
in two recent bright comets by orbiting spacecraft. The
dust continuum arises from scattered sunlight. A very close
correspondence of the intensify distribution within molecular
emission bands with that of the solar coﬂtinuum indicates
that the molecular emissions result from resonance fluroes-
cence,

"The composition and strﬁcture of the nucleus must be
such as to yield the observed rédicals, éccount for the
gas and dust production,and be able to explain the dynamical
properties of comets. Whipple's (1950,1963) icy nucleus and
its further development, Donn (1963,1967), provides a model
that appears to meet these requirements and also to be con-
sistent with an accumulationfprocess in the primordial solar

nebula. Because the nucleus is a volatile object the tem-

perature had to be low at all times during and since its

- 10 -
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formation, Huebner (1965). bFurther, because of its small

mass, pressures were also generally low, hence no substan-
’ e

~tial chemical changes in comets have taken place since

.their origin.

The composition of icy cometary nuclei can be estimated

from molecular equilibrium calculations of the primordial

~nebula. In "The Planets'" Urey (1952) considered the equili-

Drium of the solar nebula under several conditions and cites

earlier work. Since then more extensive investigations have
been carried out for arrays of about one hundred molecular
species. The most useful for the present purpose are those
of Tsuji (1964) and of Lord (1965). Table 3 summarizes
these results and is a modified form of Urey's calculations.

Two factors may have seriously modified the composition

of the solar nebula from the qufiibrium values, Fowler et al,

(1962), Donn (1968). Radioactive nuclei were much more
abundant at the time of formation of the solar system about
5 billion years ago than they are at present. The half

238

life of U is 7 x 108 years and therefore N_ = 1100N0. In

5
addition, there is evidence for short lived radioactive
elements with half lives t ~ 105 years that -were présent in the
early solar system.

Of more significance for producing the non-equilibrium
éffect may have been the energetic corpuscular radiation from

the primitive sun. Qualitative considerations indicate that

significant chemical effects should have occurred. During this

period the energy flux of energetic protons has been estimated

- 11 -



at 1045 ergs. If alllthe'enérgy‘we?e absorbed by the
57 e

e

- nebula, it would correspond to 10 V. The effects of
radiation is measured in terms of the G value for a re-
action, the number of molecules destroyed or formed per
100 eV of radiation absorbed. Although G values show a
conside?able'spread and depend upon the medium and its
detailed composition, a reasonable value is G . 1. This
leads to a conversion of the thermodynamically stable com-
n35

pounds to the extent of 10 molecules. With a mean

‘'molecular weight of 20, this is equivalent to 3.5 x 1032 gm
or about two solar masses. If only a fraction of the radi-
ation.were absorbed, a substantial propbrtional of the
material in the solar nebula wogld have been transformed.
Some idea of the ultimate composition of comets may be
obtained from experiments on cgemical composition of irradi-
ated, condensed gases and the related experiments on the
condensation of dissociated gases, Bass and Broida (1960).
-In the latter case, a small conceﬁtration of radicals are
obtained in addition to more complex and more reactive
.molecules. Warm-up of the condgﬁsedﬁfilms yielded an ad-
ditional array of molecules. "It is not clear in méét instances
whether these existed as such in the condensed matrix or were
recombination products produced as the solid warmed and

vaporized. Condensation of discharged methane-nitrogen mix-

tures has yielded the following molecules, Glasel (1961):

- 12 -
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~ acetylene, ethylene, ethane,‘butadiene, propylene, propane,

and butene. ST - -

‘Dissociated water vapor, when condensed in a cold trap,

'produces a high percentage of hydrogen peroxide, Hzoz, plus

the HO2 radical. The formation of the super-peroxide H204

has been claimed but recent work does not support such a

molecule. The production of such unstable species as HOZ’ HCO,

HONO, NH, NH2 and almost certainly similar as yet unidentified

compounds by photolysis of simple mixtures in the laboratory

again suggests the variety of molecules to be expected in the

-primordial condensed gases.

~All these possible contributions to cometary material
are combined in Table 4 to yield a suggested composition of
the'cometary nucleus. The species listed in Table 2 demonst-

rate the occurrence of significant amounts of carbon compounds

- 1in comets. The restriction of observations to the visible

spectrum and the absence of laboratory spectra for carbon

polymers larger than C suggest that parent molecules con-

37
taining more than three carboh dtoms may also occur in comets.,
It must be emphasized that no single model can expléin all
comets. For Comet Morehouse 1908 III, and Comet Humason

1962 VIII, carbon monoxide appears to have been the dominant
constituent, The organic compounds in metecritesgdeerlbed

in Part II, Chapter.3, is strong evidence for their occur-

rence in the primordial nebula. There is therefore good

- 13 -
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feason to expect complex organic molechles in comets as well.

4. Interstellar Space

The sun is about two-thirds of the distance from the
center of our galaxy to the‘outer edge and lies almost in
its central plane. Although the overall star distribution
is Sphefical, the most luminous and hottest stars, and the
diffuse matter between the‘stars are highly concentrated to
the galactic plane. Interstellar chemistry is concerned
with fhis median region or galactic disc as it is generally
known,

Several modes of analyses, Spitzer, (1968b) yield total

-24 3

densities of interstellar matter as .ahout 5 x 10 g/cm®,

Wide angle photographs of the Milky Way show the very ir-

_regular distribution of obscuring clouds and of luminous

region in the galaxy. In addition, high resolution spectra

show that the absorption lines of interstellar molecules may

contain’several Doppler displaced components. This is evi-

dence for a discrete velocity distribution of the. gas and

very likely a discrete spatial distribution also. It is con=-

venient, although oversimplified, to describe the distribu-
tion of interstellar matter by a random cloud model. Accord-

21 cm) line of sight

ing to this picture a kiloparsec (3x10
intercepts five to ten clouds with mean diameters of 10 par-
secs each. Within the cloud:thére are ten hydrogen atoms per

cm3 and between clouds about 0.1 atom per cm?. The radio

- 14 -
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.1line of the hydroxyl radicél;VOH, has recently been detected-
, D o

3

in obscuring or dust cloddé'With radii as small as 0.5 pc
and densities probably nea} 1000 H atoms/cm3

Most of the information of the composition of the gas
is based on spectra obtained in the visible region. With

the development of radio astronomy and more recently, vacuum

ultfaviolet spectroscopy from rockets, additional atoms and

molecules have been observed. The list of all elements and

compounds observed in interstellar.space is presented in

~Tables 5, 6, and 7. Tables 5 and 6 list the species observed

in the visible, in absorption and in emission respectively.
Table 7 shows the constituents detected more recently by
radio or ultravidlet observations. Abundances in interstel-
lar space conform generally to a so~called cosmic abundance
distribution, Suess and Urey (1956), Cameron (1959) derived
from a variety of celestial sources, including the earth. It
is reasonable to apply this resdlt to obtain an approximate
complete composition for the.interstellar medium. The more
abundant elements‘and their approximate average interstellar
number density appear in Table 8.

The significant presence of carbon compounds appears

in interstellar space also. Not only are two of the three

" observed diatomic radicals the compounds CH and CN, but the

most complex molecule so far found in interstellar space is

the organic compound, formaldehyde.

- 15 -
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In addition to the shazp lines, optical spectra reveal
" some 25 broader absorption features. None have yet been
identified but several possibilities have been considered
a few of which, Duley (1969 a,b), Herzberg (1969), Johnson
(1965), are related to the subject of this chapter.
| The third constituent of the interstellar medium is
the material producing the - obscuration and reddening of
starlight. Again, many suggestions have been made as to
'the nature of this material, generally referred to as inter-
stellar grains. The proposals include (a) mixtures of con-
‘densed gases, mainly water, ammonia and methane, (b) sili-
cates, (c) graphite (d) metals (e) condensed gas mixture on
graphite core. Detailed discussions of such particles are
~given by Greenberg (1968) and Wickramasinghe (1967).

- The prevailing theory considers classical scattering
.'and extinction by small particles and requires particles
' with dimensions from about 300 R to 3000 £ dependiag upon
composition. A recent propoéal by Platt (1956) based upon a
quantum mechanical interaction indicated thaf‘disordered
‘molecular aggregates of about 20 R diameter could ﬁroduce
‘the extinction. This suggestion has been further developed
by Donn and his associates (1968, 1969,-1970). It was shown
that arrays of polycyclic hydrocarbons containing about 5 or
more rings have continuous éktinction through the visible

region of the spectrum very similar to the interstellar ex-

} tinction as shown in Figure 1 by Donn and Krishna Swamy (1969).
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Infrared and ultraviolet absérption coefficients for such -
moleéules are consistenf with‘the extinction ratio for these
spectral regions observed in interstellar space. From the
discussion in Secfiéﬁ 2 on moieéulés in cafbonAstars, such
stars'may be the source of these compounds. The analyses of
- graphité formation reviewed there also makes the occurrence
Of polycyclic aromatics 1iké1y.

Clar (1964) has called attention to the sequence of
isomers with maximum chemical and thermal stability, Figure 2 :
benzene, diphenyl, triphenvlene, dibenzopyrene, tribenzoper y-
'lene,-tetrabenzoanthanthrene and hexabenzocoronene. The
largest member has been described by Clar in the following
way. "Hexabenzocoronene which does not melt even above 700°C,
is insoluable in all conventional solvents and can be formul-
ated with sektets only, can therefore be considered as a
particle of graphite." In a crystal nucleation and growth
process for the formation of graphite grains in stellar at-
mospheres as described in Secfion 2, the carbon skeleton of
 these or similar polycyclics or heterocyclic aromatics could
well be among the growing clusters. Conditions for‘the forma-
tion of such molecules are less‘stringént than for the growth
of graphite érains of a few hundred angstroms. Whatever
process would eject graphite into space also works for these

species. It appears poSsiblé to explain all features of the

wavelength dependence of interstellar extinction, as well as

interstellar polarization by these molecules. They have the
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advantage of being stable ubutqbabout,GOOOK for the smaller
mqlecules and to IOOOOK for ghe largest. Further experiment
on the optical, thermal and photochemical properties of these
types of moleculés_;gevundef“way at Goddafd. Thus, in ad-
dition to small organic molecules and radicals now known to
be present in interstellar space, there is a possibility of
Very much larger molecules.élso. An array of aromatics con-
1aining at least about five rings but with a much larger upper
iimit to the number of rings could be present. These would
not be pure hydrocarbons.but7shOUId'include other atoms both
in the ring structure and in the side chains replacing
hydrogen,

Irradiation of the van-de-Hulst ice model of the inter-
stellar grain is another, somewhat more hypothetical, source
of organic mdterial in interstellar spacé. The suggested
composition given by van de Hulst (1948), Greenberg, (1968)

20 parts CH 10 parts NH S

2 2’ 4’ 3’
parts MgH and other metallic compounds. With a radii under

was 100 parts H,O0, 30 part H

- 0.5 u, the particle dimensions are the order of the skin depth

and the ultra flux will penetrate the entire grain. 1In ad-
dition, the low energy ¢osmic.rays would contribute to chemi-
cal changes in the grain. Measurements from spacecraft
indicate a cosmic ray flux near one Mev that may be four
orders of magnitude greater th?n previqusly considered. Both
8

types of radiation, acting over grain lifetimes of 107‘to 10

years would produce radicals like OH, NH, CH etc. These

3’
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W&uld recombihe in a randoﬁ fashion within the grain to .
gradually polymerize the par;icle and build up more complex
organic molecules., Experiments by Oro (1963) on the irradi-
atiqn of a water, ammonia,(methane»film by 5§ Mev electron
yielded about 20% non-volatile organic matter including
simple ‘amino acids;“ Further experiments to determine the
type of change and the raté are being started at Goddard.
Such chemical changes would also efféct the thermal stability

and optical properties of the grain and have significant

astrophysical consequences.
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4;.,Summary | . | o

~ Spectroscopic studies of comets and interstellar
matter‘demonstrate the presence of simple organic mole-
cules in interplénetary and.intérstéilar space. Diffi-
culties in detecting or identifying larger carbon compounds
in éitﬂer case sugéest that presently known molecules are
not the most complex that occur. .

Several proposals.attempting to explain the extinction
of starlight in interstellar space suggest some type of
carbonaceous material may be.presént. The form of the
carbon runs from pure graphite flakes through polymerized
water, ammonia, methane, etc. grains to polycycle aromatic
molecules.

Laboratory analyses of meteorites described in Part
II, Chapter 3, indicate the large variety of quite complex
organic material that is found. Although the origin is
unknown, their presence in meteorites is indicative of
formation in the solar nebula or earliier stage of galactic
evolution. On the basis of fheir laboyratory éxperiments
Studier et al (1968) have proposed hydrocarbon form;tion
via a_Fisher;Tropsch mechanism on particulate matter which
condensed in the primordial nebula.

As indicated in the Introduction, the presence of

organic matter from a variety of cosmic sources may all

be closely related. Our knowledge of galactic evolution



|

' and sp#ce chemistry is too inbomplete at pfesent to draw
’definite conclusions. But whether organic matter throughdut
~the galaxy has a common origin or formed independently in sev-
. eral blaces, we know it does occur. The question of how much
and in what form these compound survived during the process

of earth accumulation and crystal formation is the most signi-
ficanf issue remaining. However, the thermal stability of the
more complex molecules and the likelihood of some polymeriza-
tion suggests that a primofdial organic residue remained on
the surface of the earth after the crust and étmosphere
formed. Some consideration of this‘problem appears in the
paper by Oro (1965) and the discussion following his paper.
This raises the final questions of this discussion of organic
moelcules in space: What was the probable nature of the re-
sidual organic material and to what extent could a scheme of
terrestrial biochemical evolution proceed from such initial

circumstances?
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TABLE 8

Cosmically Abdndant Elements

(Suess and Urey, 1956)

d

Element Interstellaraﬁénsity Rel Abungance

(Atoms/cm¥) si=10

1  Hydrogen 1 4x1010
2 Helium 0.1 4x10°
8  Oxygen 5x10-4 2x107
10 Neon 2x10™% 9x10°
7 Nizrozea 2x10™% 7x10°
6 Carbon 107% ax10°
14 silicon 3x10~9 1x10°
12 Magnesium 3x10-5 9x10°
26  Iron 2x107° 6x10°
16 sulfur 1x107° 4x10°
18 Argon 5x10-6 2x10°
13 Aluminum 3x10~° 9x10%
20 Calcium 1x10~° “sx10%

11 Sodium 1x10-6 ax10%

28  Nickel 5%x10~7 3x10%
15 Phosphorus 2x10~7 1x10%
17 Chlorine 2x10-7 9x10°
18  Potassium 1x1078 3x10°




Figure 1.

Figure 2.

1

FIGURE

CAPTIONS
P

{
i

Comparison of ipterstellar extinction
curve and extinction by array of
polycyclic hydrocarbons (Donn and

Swamy, 1969). The ordinate is the
extinction in magnitudes compared to that
at 5600 R. Thé insert shows the size

distribution of molecules comprising the

AR

array. The curveé'A, B and C are for

~

successively less stable groups. The

abscissa N is the number of rings in the

moleculgiand the ordinate is the rela-

tive number of molecules.

Sequence of most stable polycyclic

isomers (graphite precursors).
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